Lipid packing defects favor the binding of proteins to cellular membranes by creating spaces between lipid head groups that allow the insertion of amphipathic helices or lipid modifications. The density of packing defects in a lipid membrane is well known to increase with membrane curvature and in the presence of conical-shaped lipids. In contrast, the role of membrane tension in the formation of lipid packing defects has been poorly investigated. Here we use a combination of numerical simulations and experiments to measure the effect of membrane tension on the density of lipid packing defects. We first monitor the binding of ALPS (amphipathic lipid packing sensor) to giant unilamellar vesicles and observe a striking periodic binding of ALPS that we attribute to osmoticallyinduced membrane tension and transient membrane pore formation. Using micropipette aspiration experiments, we show that a high membrane tension induces a reversible increase in the density of lipid packing defects. We next focus on packing defects induced by lipid shape and show that conical lipids generate packing defects similar to that induced by membrane tension and enhance membrane deformation due to the insertion of the ALPS helix. Both cyclic ALPS binding and the cooperative effect of ALPS binding and conical lipids on membrane deformation result from an interplay between helix insertion and lipid packing defects created by membrane tension, conical lipids and/or membrane curvature. We propose that feedback mechanisms involving membrane tension, lipid shape and membrane curvature play a crucial role in membrane deformation and intracellular transport events.
Introduction
Feedback loops are fundamental features of many diverse cellular functions, from pattern formation (1-3) and establishment of cell shape, polarity and migration (4) (5) (6) to circadian rhythms (7) and the cell cycle (8) or membrane trafficking (9) . Mechanisms based on reaction-diffusion and activation/inhibition processes generate positive and negative feedback loops that lead either to a stable steady-state or to oscillating regimes.
In the case of membrane trafficking, membrane deformation and fission, the first steps in the formation of a transport carrier (10) , could be driven by feedback mechanisms.
The macroscopic physical characteristics of a membrane -curvature, bending rigidity and tension -couples to microscopic parameters such as the lipid composition and packing (11, 12) , and positive feedback loops could amplify an initially small membrane deformation to generate budding and ultimately lead to scission. For instance, feedback between actin and curvature-sensitive endocytic proteins such as dynamin or BAR (Bin/Amphiphysin/Rvs167) domain-containing proteins has been proposed to participate in budding and scission during endocytosis (13) (14) (15) . Similarly, during cell migration, membrane tension was shown to impact on actin dynamics (16) and to couple to membrane bending via the F-BAR domain protein FBP17 (17) . Intracellular coat proteins have also been shown to induce budding and prepare membranes for fission by feedbackbased mechanisms (18, 19) .
Central to this coupling between membrane physical parameters is the notion of lipid packing. Lipid packing is defined by the density of lipid molecules within the bilayer.
Regions where this density decreases are called 'lipid packing defects' (20, 21) . Lipid packing defects can appear due to membrane bending or, in a flat membrane, due to the presence of conical lipids (22) (23) (24) . Stretching the membrane should in principle also induce the formation of lipid packing defects (11) although convincing evidence is still lacking. Here we study the roles of membrane curvature, lipid shape and membrane tension in the generation of lipid packing defects in the context of membrane budding and fission. We use the Amphipathic Lipid Packing Sensor (ALPS) motifs from the COPI (coat protein complex I) coat-associated protein ArfGAP1 (Arf GTPase activating protein 1) to detect lipid packing defects (25), and to simultaneously test for potential membrane bending due to shallow hydrophobic helix insertion. Based on our results, we propose that feedback loops play a critical role in membrane deformation. We suggest 1) that a high membrane tension can feedback on amphipathic helix insertion by increasing the density of lipid packing defects; and 2) that lipid packing defects generated by conical lipids and amplified by curvature could lead to instability in curved membranes and ultimately to membrane scission. 
Materials and methods

Reagents
Peptide and protein purification
Purification of the ArfGAP1 lipid packing sensing tandem motif ALPS1-ALPS2 (here denoted as ALPS) and of ArfGAP1 and fluorescent labeling of ALPS with the Alexa 488 or Alexa 546 dyes were performed using the protocol described previously (19) (see Supplementary Methods).
Preparation of giant unilamellar vesicles
GUVs were grown at room temperature on ITO slides using the electroformation technique described previously (26). To avoid any osmotic shock, the osmotic pressure of the sucrose solution was adjusted to match that of the buffers containing the proteins, HKM buffer (50mM Hepes pH7.2, 120 mM Potassium Acetate, 1 mM MgCl 2 ) for ALPS experiments and HKM supplemented with 2 mM EDTA for ArfGAP1 experiments. GUVs were grown in 280 mOsm sucrose for ALPS experiments and in 320 mOsm sucrose for ArfGAP1 experiments. For hypertonic and hypotonic experiments with ALPS, GUVs were grown in 260 mOsm sucrose (corresponding to an osmotic pressure difference ∆Π = +20 mOsm) and 320 mOsm sucrose (corresponding to an osmotic pressure difference ∆Π = −40 mOsm) respectively. GUVs containing diacylglycerols were grown from a 'Golgi mix' composed of 50% (mol/mol) EPC, 19% LPE, 5% BPS, 10% LPI, and 16% cholesterol and supplemented with 0.1% to 20% (mol/mol) DAG. GUVs containing PUFAs (polyunsaturated fatty acid) were grown from a 'DAG-Golgi mix' supplemented with 1% to 10% (mol/mol) 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphoethanolamine. GUV membranes were made fluorescent by adding 1% (vol/vol) DHPE-TexasRed. For micropipette aspiration, GUVs were grown from DOPC without fluorescent phospholipid.
Micropipet aspiration experiments
A 100-200 µl open micromanipulation chamber was built with two clean glass coverslips as described in (27). The surfaces of the chamber and of the micropipette were incubated with 10 mg/ml -casein for 10 min and then rinsed with HKM buffer to prevent adhesion of the GUVs to the glass. 100-200 µl of 1 µM ALPS-Alexa 488 in HKM buffer were injected into the chamber to monitor ALPS binding. 5 µl of GUVs were transferred from the growth chamber to the micromanipulation chamber. The chamber was sealed with mineral oil to prevent water evaporation. Membrane tension  was determined from
where is the pipette radius, is the vesicle radius, and ∆ is the difference of hydrostatic pressure caused by the vertical displacement of the water reservoir linked to the pipette. Membrane tension of the GUV varied from 5.10 -6 to 3.10 -4 N/m (28). Images were taken on a Nikon A1R Ti-Eclipse inverted confocal microscope or on a Zeiss LSM510 Meta confocal microscope.
Molecular dynamics (MD) simulations
MD simulations were performed using the coarse-grain (CG) lipid model by Klein and coworkers (29-31). All simulations were performed with the LAMMPS software (32).
Configurations for the various systems were generated by converting atomistic snapshots using the CG-it software (https://github.com/CG-it). Pressure and temperature were controlled using a Nosé-Hoover thermostat (33) and barostat (34, 35) , with target temperature and pressure of 300 K and 1 atm, respectively. For surface tension simulations, the lateral xy dimensions of the systems were constrained to be equal and fixed, while the orthogonal dimension z was allowed to fluctuate independently. Van der Waals and electrostatics were truncated at 1.5 nm, with long-range electrostatics beyond this cutoff computed using the particle-particle-particle-mesh (PPPM) solver with an RMS force error of 10 -5 kcal mol -1 Å -1 and order 3 (36) . In all simulations, a time step of 20 fs was used. The DOPC bilayer system consisted of 1296 DOPC molecules per leaflet (2592 DOPC molecules in total), and each system was run for 400 ns. Analyses were performed on the last 300 ns of each MD run. All molecular graphics were generated with VMD (37).
Density profiles were computed by averaging the mass density of the phosphate groups along the z axis using a grid of 0.2 nm resolution.
For all simulations, surface tension was computed from the diagonal values of the pressure tensor (P xx , P yy and P zz ) using the Kirkwood-Irving method (38):
where is the box length in the dimension and 〈⋯ 〉 means an ensemble average.
Lipid-packing defects were computed using a previously described algorithm (22, 25) , that is described in detail in http://packmem.ipmc.cnrs.fr. In brief, the membrane is . The higher the packing-defect constant, the higher the probability of finding large defects.
Fluorescence quantification
The amount of fluorescently labeled ALPS bound to the membrane of the GUVs was quantified using the OvalProfile plug-in in ImageJ (http:// rsb.info.nih.gov/ij). Briefly, the maximum intensity value along a radius starting from the center of the GUV was measured. This measurement was repeated every degree to generate the circumferential intensity profile along the GUV membrane. ALPS binding was defined as the averaged value of the circumferential intensity profile to which background ALPS fluorescence was subtracted.
Measurement of sorting coefficients
Analyses of confocal fluorescence images were performed using a protocol described previously (39) . For each GUV, the membrane contour was transformed into a line using a home-made Matlab code. The mean fluorescence intensities of lipid and ALPS labelling in the GUV was estimated using the width at half the maximum of the membrane profile, ,
by averaging the intensity for pixels in the 1 -range. The mean background level of each fluorescence channel was estimated from pixels localized outside of the GUV at a distance between 2 and 6 . The fluorescence of membrane deformations and invaginations was measured by manually selecting all pixels in deformations and invaginations where lipid signal was present outside of the GUV. The mean intensities of the two channels (ALPS and lipid labelling) were measured on GUV and membrane invaginations and the sorting coefficient was calculated as
.
Results
Heterogeneous and time-dependent ALPS binding to GUV membranes suggests a role for membrane tension in lipid packing defect formation
We first measured the binding of fluorescently labeled ALPS, a quantitative indicator of the density of lipid packing defects, to giant unilamellar vesicles (GUVs) made of pure 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC). DOPC should favour ALPS binding due to its weakly conical shape of DOPC (40) . Surprisingly, we found that the binding of ALPS was very heterogeneous among the GUV population. Within the same confocal field, we could observe GUVs exhibiting a strong fluorescent ALPS signal while no signal could be detected from others ( 
ALPS binding is modulated by membrane tension
To further test a potential role of membrane tension in the generation of lipid packing defects, we used micropipette aspiration of GUVs to control membrane tension. ALPS 
Membrane tension increases the density of lipid packing defects
ALPS binding to DOPC GUVs increases at elevated membrane tension (Figs. 1 and 2A).
This observation suggests that lateral membrane tension increases the density of lipid packing defects. To investigate the molecular consequences of variations in surface tension on the abundance of lipid-packing defects, we performed coarse-grained molecular dynamics (MD) simulations on DOPC lipid bilayers.
As expected from the Canham-Helfrich-Evans elastic theory, increasing surface tension decreases membrane undulations, as can be observed from the lateral density profile of the phosphate groups of the DOPC molecules in the bilayer (Fig 2B) . This effect is coupled with a linear increase in area per lipid for increasing surface tensions (Fig. 2C ).
Hence, to avoid possible finite-size effects resulting from the artificial suppression of bilayer vibrational modes in the MD simulations (44), we performed our MD on a large system of approximately 30 nm x 30 nm in size, and consisting of 2592 DOPC molecules (Fig. 2D) .
We next computed lipid-packing defects as a function of surface tension using a previously described Cartesian algorithm (22, 23, 25) . As can be seen in Fig. 2E , lipidpacking defects appear to increase linearly as a function of surface tension. Since (i) ALPS binding has been shown to take place above a specific threshold (23) and (ii) bilayers consisting of DOPC lipids are a likely substrate for the binding of ALPS motifs, our MD simulations suggest that even a small increase in membrane tension might be sufficient to trigger ALPS binding to DOPC membranes.
Conical lipids and membrane tension increase ALPS binding in a similar fashion
The role of membrane tension in the generation of lipid packing defects has only been poorly investigated to date. We showed in figures 1 and 2 that a high membrane tension facilitates the formation of lipid packing defects. The density of packing defects in a lipid bilayer is also known to depend on membrane curvature and on lipid geometrical shape (22, 25) . In the following, we first compare how lipid shape and membrane tension influence lipid packing and then investigate how feedbacks between lipid shape and membrane curvature could induce membrane deformation. As expected, the presence of conical lipids (the diacylglycerol di-oleyl-glycerol DOG) increased the density of lipid packing defects as shown by an increased binding of ALPS on GUVs containing DOG (Fig. S2A -C in the Supporting Material). The levels of ALPS binding were comparable to those reached when a high membrane tension was imposed on the GUV by micropipette aspiration (Fig. S2D-F) , showing that conical lipids and membrane tension can generate lipid packing defects to similar extents.
Conical lipids facilitate ALPS binding and subsequent membrane deformation
To get more insight into the interplay between lipid shape and packing defects, we quantified ALPS binding in the presence of increasing amounts of DOG (Fig. 3A-C) . ALPS binding increased with the proportion of conical lipids for all concentrations of ALPS we tested within the 1 nM -3 µM range (Fig. 3C) . We next added polyunsaturated fatty acids (PUFAs) to compete with lipid packing defects induced by DOG. PUFAs are known to reduce the density of lipid packing defects by adapting their conformation to local lipid packing (45, 46) . The addition of 2% PUFAs to 5% DOG-containing GUVs induced a twofold decrease in ALPS binding while adding 10% PUFA almost completely abolished ALPS binding ( Fig. S3A -B in the Supporting Material). We further confirmed the role of lipid shape in the generation of lipid packing defects by producing in situ conical lipids from GUVs made of DOPC using phospholipases (Fig. S3C) were able to form tubules on flat membrane sheets or small liposomes (Fig. S4A, B and Movies S4 and S5 in the Supporting Material). Membrane deformation by 1 µM ALPS was enhanced in the presence of increasing amounts of DOG ( Fig. 3D-E) . With 10% to 20% DOG, extensive membrane deformation could be observed in the presence of ALPS or ArfGAP1 (Fig. S4C, D) . Interestingly, ALPS was significantly enriched in the membrane deformations compared to the flat GUV membrane at all tested DOG concentrations ( Fig.   3F ), consistent with our previous finding that ALPS binding sharply increases on curved lipid nanotubes (19) .
Discussion
We have used a combination of in vitro experiments on model membranes and numerical simulations to study the interplay between membrane tension, lipid shape and lipid packing. We have used the amphipathic lipid packing sensor (ALPS) tandem motif of ArfGAP1 as a reporter of lipid packing defect density. ALPS was shown previously to bind preferentially to membranes exhibiting a high density of lipid packing defects induced either by a high membrane curvature (19, 23, 50) or the presence of conical lipids (22, 23, 25, 50) . Such preferential binding is driven by changes in intra-membrane stresses impacting the lateral pressure profile (10, 51). Here we focus on the effects of membrane tension and lipid shape on potential changes in intra-membrane stresses. We show that a high membrane tension facilitates ALPS binding (Figs. 1,2 ) to the same extent as conical lipids (Suppl. Fig. S2 ) and that conical lipids facilitate ALPS-induced membrane deformation (Fig. 3) .
Feedback mechanisms may explain the oscillating binding of ALPS and the cooperative effect of ALPS binding and conical lipids on membrane deformation
Taken together, our data suggest that membrane tension, lipid shape and membrane curvature cooperate to generate lipid packing defects and membrane deformation.
Because ALPS is sensitive to membrane tension and to the presence of conical lipids and because inserting ALPS amphipathic helices increases intramembrane stresses (51), positive feedback loops could lead to the two main experimental observations we report here, osmotically-driven oscillations in ALPS binding (Fig. 4A ) and DOG enhancement of ALPS-induced membrane tubulation (Fig. 4B) . On a flat GUV membrane, a high tension (here driven by osmotic pressure) could facilitate ALPS binding which in turn could increase the lateral pressure in the membrane and thus further induce ALPS binding until pore formation relaxes the stress and membrane tension drops (Fig. 4A) . On an initially flat membrane, conical lipids could allow ALPS binding and initiate membrane deformation through insertion of the ALPS amphipathic helix. The increase in curvature should in turn further facilitate ALPS binding and lead to membrane deformation and eventually fission (Fig. 4B ).
Tension and lipid packing
A main finding of our study is that a high membrane tension increases the density of lipid packing defects, which we show both experimentally via the binding of ALPS and through numerical simulations. Consistently, the binding to small liposomes of the N-BAR domain of Drosophila amphiphysin, which inserts an N-terminal amphipathic helix into the membrane, was shown to increase when membrane tension was induced osmotically (52).
Numerical simulations also showed that membrane bending decreases the rigidity and the area compressibility of the liquid ordered phase in uniaxially compressed vesicles (53),
suggesting that membrane tension could modify intramembrane stresses.
In both our micropipet experiments and simulations (Fig. 2) , membrane tension appears to impact lipid packing above 0.1-1 mN/m, well below the lysis tension of DOPC membranes of ~10 mN/m (54). In contrast, higher tensions (3-10 mN/m) were shown to be induced by osmotic pressure differences (55) , suggesting that even small differences in osmotic pressure could induce changes in lipid packing. Accordingly, we observed a strong heterogeneity in ALPS binding in a given population of DOPC GUVs. Such an heterogeneity could be due to differences in membrane tension or to the presence of DOPC oxidation products that have been shown to increase membrane permeability (56) .
Interestingly, oscillating phase separation was observed on GUVs which were attributed to osmotically-driven oscillations in membrane tension (57) , with a feedback mechanism involving pore formation very similar to the mechanism we propose to explain oscillations in ALPS binding (Fig. 4A) .
Curvature inducers and curvature sensors
The binding of the ALPS motif of ArfGAP1 to membranes was shown previously to be extremely sensitive to lipid packing defects, hence to changes in membrane curvature.
ALPS is thus thought to be an excellent 'curvature sensor' (19, 20, 25, 50) . We show here that ALPS is not only able to sense packing defects induced by curvature or lipid shape, but also lipid packing defects induced by an increase in membrane tension. As such ALPS could also be viewed as a tension sensor. However, as ALPS inserts into the lipid bilayer, it also perturbs the lipid bilayer and generates intramembrane stresses (51, 58) , that can lead to membrane deformation. We show here that ALPS can indeed be considered as a 'curvature inducer' (Fig. S4A-D) and that its membrane deformation activity is enhanced at high densities of lipid packing defects in the presence of conical lipids ( Fig. 3D-E) . Besides ALPS domain-containing proteins (20) , an increasing number of membrane binding proteins have been described as 'curvature sensors' and/or 'curvature inducers', including BAR domain proteins (59) such as amphiphysin (49, 60) , endophilin (61) or Arfaptin (62),
proteins bearing an amphipathic helix such as epsin (63, 64) , Arf1 (ADP-ribosylation factor) (65-67) and -synuclein (68) or proteins with lipid modifications such as RAB (46) or RHO (69) speculate that a curvature sensor will also be a curvature inducer and vice versa.
Accordingly, the extreme sensitivity of ALPS to curvature translates into a strong ability to deform membranes (Fig. S4) . In contrast, Arf1 is both a weak curvature inducer (67), a weak curvature sensor when compared to ALPS (19) and less sensitive than ALPS to lipid packing defects generated by DOG (Fig. S5 in the Supporting Material). Finally, the typical sigmoidal binding of ALPS (Fig. 3C) as previously reported for amphiphysin (49) suggests that curvature sensing dominates at low protein density while curvature induction could only occur at higher concentrations.
Feedback loops in membrane deformation/curvature generation: relevance for intracellular trafficking
Our data suggest that membrane tension and conical lipids amplify protein binding by positive feedback on lipid packing defects, which could induce membrane deformation and eventually fission. Intracellular membranes can be separated in two main membrane 'territories', the early secretory pathway comprising the nuclear envelope, the endoplasmic reticulum (ER) and the cis-Golgi, and the late secretory pathway comprising the transGolgi, endosomal membranes and the plasma membrane (70) (71) (72) . The first territory is characterized by loose packing and low surface charge; amphipathic helices inserts into membranes mostly via hydrophobic interactions. The second territory displays a low density of packing defects and a high surface charges; helix insertion occurs through electrostatic interactions. Conical lipids, by generating loose lipid packing, could selectively target ALPS domain proteins to membranes in the early secretory pathway. Accordingly, at the cis-Golgi, the golgin GMAP-210 selects vesicles with loose lipid packing through the binding of its ALPS motif (73) . Production of DAGs by phospholipases could locally increase the density of lipid packing defects and, consequently, the local concentration of ALPS domain proteins could reach their concentration threshold for membrane deformation. Alternative mechanisms that could increase local protein concentration and lead to membrane bending include lipid clustering (60) and protein crowding (74) .
While a high tension could help recruiting membrane bending proteins at initial stages of membrane deformation, it should inhibit bud formation by coat proteins at later stages (67, 75) . The role of tension in scission is also complex. Intuitively, tension should facilitate membrane fission (76) . Accordingly, pulling forces trigger the scission of membrane tubes scaffolded by BAR proteins through a friction-driven mechanism in dynamin-independent fission (77). However, in dividing cells, membrane tension drops before the final abscission step of cytokinesis (78) . While membrane tension at the cell plasma membrane has been extensively studied in different biological contexts and in particular cell motility and adhesion (79, 80) , membrane tension of intracellular compartments remains largely elusive. In vitro reconstitution of ER and Golgi membrane networks shows that the tension of ER tubules is higher than that of Golgi tubules (81) . A gradient of membrane tension may exist along the secretory pathway which could generate higher densities of lipid packing defects in the early secretory pathway and favour the binding of proteins sensitive to lipid packing such as ALPS domain proteins to ER or cis-Golgi membranes.
Supporting material
Supporting materials and methods, five figures and five movies are available. 
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